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ABSTRACT 

Future  military  vehicles  demand  increasingly  mass-efficient  structural  armor  systems  to  satisfy 
design  requirements  of  increased  mobility  and  survivability.  In  order  to  fully  realize  lightweight 
solutions,  sandwich  plates  consisting  of  monolithic  facesheets  and  a  low-density  cellular  core  are 
targeted  as  an  integral  ingredient  in  these  armor  systems,  providing  both  structural  strength  and 
stiffness  via  through-the-thickness  load-bearing  potential.  In  this  study,  sandwich  plates 
consisting  of  thin  facesheets  and  a  periodic  pyramidal  core  manufactured  entirely  from  cold- 
rolled  Grade  4  commercially-pure  titanium  (CP-1)  are  investigated.  A  plausible  manufacturing 
route  and  its  corresponding  limitations  are  established,  and  analytical  models  for  peak  strength 
( <Vak )  ar|d  effective  stiffness  ( E )  for  flatwise  compression  are  presented.  In  addition,  a 

strength-to-weight  optimization  technique  is  implemented,  and  model  calibration  experiments 
are  conducted  on  the  as-manufactured  optimized  plates.  From  these  experiments,  the  model  for 
Opeak  was  found  to  be  a  robust  and  accurate  tool  for  depicting  core  performance.  Although 

modeling  E  was  less  successful,  probable  causes  for  reduced  precision  are  presented.  Also,  the 
as-manufactured  titanium  plates  are  verified  to  be  fully  optimized  from  a  strength-to-weight 
standpoint  for  flatwise  compression. 

KEYWORDS:  Sandwich  Structures,  Materials-Cellular,  Metals-Titanium 

1.  INTRODUCTION 

1.1  Next  Generation  Military  Vision  It  is  customary  that  military  vehicles  provide 
ballistic/blast  protection  via  monolithic  metallic  plates  which  are  neither  weight  nor  volume 
efficient.  By  replacing  these  thick  heavy  plates  with  multifunctional  lightweight  sandwich 
panels  which  provide  structural  stiffness,  strength,  and  energy  absorption,  improvements  in 
specific  strength,  stiffness,  and  overall  survivability  can  be  achieved.  In  addition,  reducing  the 
weight  of  military  vehicles  provides  benefits  including  increased  range,  maneuverability,  fuel 
efficiency,  and  speed.  However,  current  add-on  armor  packages  tend  to  improve  survivability 
with  increased  weight  and  volume,  thus  sacrificing  size,  maneuverability,  range,  and  speed.  As 
the  battlefield  roles  of  these  advanced  vehicles  are  continuously  expanded,  they  represent 
excellent  platforms  for  weight  reduction  through  integration  of  lightweight  sandwich  plates 
which  provide  blast  and  ballistic  resistance  as  part  as  an  integrated  protective  package  in  the 
vehicle  superstructure. 

1.2  Topology  and  Material  Selection  Sandwich  cores  including  periodic  topologies  such  as 
pyramidal  core  have  been  used  in  a  variety  of  weight-critical  applications.  Historically,  a 
pyramidal-type  lattice  block  structure  was  manufactured  by  investment  casting  from  aluminum 
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alloys  doped  with  silicon.  These  trass  structures  fail  via  brittle  fracture  due  to  void  congregation 
and  high  silicon  content  at  the  joints.  This  is  a  consequence  of  restricted  flow  at  the  joints  during 
the  investment  casting  process  (1,  2).  With  these  cast  structures,  the  broad  range  of  structural 
properties  that  the  pyramidal  core  topology  offers  cannot  be  fully  realized  due  to  catastrophic 
failure  at  the  joints  instead  of  controlled  deformation  in  the  cell  ligaments.  In  addition, 
manufacturing  limitations  related  to  these  investment  cast  structures  severely  limit  the  ability  to 
rapidly  modify  and  optimize  design  parameters. 

In  order  to  produce  a  cellular  core  which  demonstrates  increased  ductility  versus  cast  structures, 
Zupan,  Wadley,  and  colleagues  developed  a  manufacturing  process  of  die-punching,  bending, 
and  transient-liquid-phase  (TLP)  bonding  (3,  4,  5).  This  process  has  been  applied  primarily  to 
low-carbon  and  stainless  steels  as  well  as  wrought  aluminum  alloys  to  produce  an  array  of  core 
topologies  (3,  4).  However,  the  ability  to  manufacture  and  model  pyramidal  core  sandwich 
structures  out  of  a  lightweight,  high  strength,  high  stiffness  material  such  as  titanium  has  not  yet 
been  visited  to  date. 

The  focus  of  this  work  is  to  first  outline  a  method  for  fabricating  pyramidal  core  sandwich  plates 
out  of  wrought  titanium.  Then,  analytical  models  depicting  through-thickness  strength  and 
stiffness  will  be  developed,  and  a  strength-to-weight  optimization  technique  will  be 
implemented.  Finally,  the  optimized  core  will  be  manufactured  and  tested  such  that  the  models 
can  be  validated.  Results  from  this  study  will  enable  pyramidal  core  sandwich  plates  to  be 
designed  and  manufactured  for  future  advanced  vehicle  applications  based  on  specific  design 
criteria. 


2.  MATERIAL  CONSIDERATIONS 

2.1  Manufacturing  Route  The  following  steps  outline  the  process  for  constructing  pyramidal 
core  sandwich  plates  for  this  study: 

1 .  Sheet  material  is  perforated  with  a  diamond  pattern 

2.  Perforated  sheet  is  cold-formed  into  the  desired  three-dimensional  corrugated  core 

3.  Core  and  facesheet  components  are  joined  via  active  brazing  processes 

This  process  may  be  used  to  manufacture  pyramidal  core  sandwich  plates  out  of  a  variety  of 
sheet  materials  with  some  specific  limitations  which  will  be  detailed  as  they  become  apparent. 

2.1.1  Sheet  Perforation  The  periodic  three-dimensional  pyramidal  core  geometry  is  created  in 
two  steps.  First,  a  computer-numerically-controlled  (CNC)  abrasive  water-jet  is  utilized  to 
perforate  the  desired  diamond  pattern  into  titanium  sheet  material.  A  perforated  sheet  of  CP-1 
can  be  viewed  in  Figure  1,  displaying  all  pertinent  geometric  design  parameters  and  the 
naturally-occurring  fold  lines. 


Figure  1:  (a)  Titanium  sheet  material  is  perforated  with  abrasive  water-jet  technology 
with  (b)  notches  machined  along  the  fold  lines  to  improve  bend  repeatability 

In  Figure  1(a),  geometric  parameters  for  the  perforated  sheet  are  shown,  where  a  and  p  are  the 
minor  and  major  angles  in  each  diamond  respectively,  b  is  strut  width,  L  is  strut  length,  and  co  is 
the  width  of  the  strut  intersection  across  which  bending  will  occur.  The  bend  lines  for  this 
design  are  naturally  occurring  at  the  intersection  of  the  cell  ligaments,  or  struts.  Although  a 
rolling  punch  and  die  configuration  could  produce  similar  perforated  sheets  for  most  materials 
(4),  the  use  of  a  CNC  abrasive  water-jet  allows  design  changes  to  occur  quickly.  In  addition, 
implanting  small  notches  in  the  root  of  the  perforated  sheet  design;  Figure  1(b);  improves  the 
repeatability  of  the  bending  process,  resulting  in  a  more  consistent  panel  geometry  and  improved 
adhesion  of  the  core  and  facesheet  components.  These  notches  enhance  formability  of  the  sheet 
by  reducing  material  along  the  bend  axis,  thereby  providing  free  surfaces  for  strain  relief  during 
cold-forming. 

Limitations  in  manufacturing  play  an  essential  role  in  material  selection  and  core  design.  The 
most  important  limitation  associated  with  water-jet  perforation  of  sheet  material  involves  scaling 
down  the  design.  There  is  difficulty  achieving  consistent  strut  widths  of  less  than  2  mm  because 
of  restricted  machine  precision  and  excessive  sheet  vibration  during  cutting.  This  limitation 
results  in  a  flat  strut  cross-section  which  does  not  adversely  affect  core  design  because 
increasingly  slender  struts  are  required  for  symmetric  buckling  to  occur. 

2.1.2  Core  Fabrication  The  second  step  in  fabricating  a  pyramidal  core  entails  bending  the 
perforated  sheet  using  a  hydraulic  press-brake  forming  machine.  The  perforated  sheet  is  bent 
using  a  displacement-controlled  punch  and  an  air  die;  Figure  2.  The  perforated  sheet  is  then 
placed  in  a  three-point  loading  configuration,  where  it  is  turned  over  after  each  successive  bend, 
resulting  in  a  corrugated  pyramidal  core;  Figure  2(b). 


Figure  2:  The  bending  process  consists  of  (a)  bending  the  perforated  sheet  back  and 
forth  multiple  times,  forming  (b)  the  desired  pyramidal  core  geometry 

The  resulting  product  is  a  periodic  three-dimensional  array  of  pyramidal  unit  cells;  Figure  3. 


Figure  3:  A  periodic  array  of  pyramidal  cells  (a)  parallel  to  the  bend  axis  and  (b) 
perpendicular  to  the  bend  axis 

A  schematic  of  the  salient  dimensions  of  a  pyramidal  core  quarter  unit  cell  is  displayed  for  the 
reader’s  convenience  in  Figure  5.  Here,  H  is  pyramid  height,  X  and  Y  are  the  base  dimensions, 
L  is  strut  length,  b  is  strut  width,  t  is  strut  thickness,  ®  is  bend  angle,  and  0  is  the  interior  angle 
between  the  struts  and  base.  These  parameters  completely  depict  the  core  topology  for  modeling 
and  design  purposes. 

This  bending  procedure  imposes  a  number  of  limitations  on  the  design  of  pyramidal  core 
structures.  The  most  important  limitation  imposed  by  bending  is  material  selection.  Material 
alloy  and  thickness  must  be  selected  based  on  its  ability  to  be  formed  to  the  desired  geometry. 
For  thin  ductile  sheet  materials,  die  spacing  should  be  minimized  to  achieve  sharp  bends.  For 
thicker  less  ductile  sheet  materials,  die  spacing  should  be  increased,  resulting  in  bends  with 
increased  curvature.  In  both  cases,  die  spacing  limits  the  distance  between  neighboring  pyramid 
peaks  such  that  it  can  never  exceed  the  dimension  Y.  If  spring-back  occurs,  which  is  common  in 
titanium,  the  distance  between  neighboring  pyramid  peaks  must  be  a  minimum  of  20%  greater 
than  the  die  spacing  due  to  the  increased  displacement  required  to  compensate  for  spring-back. 
In  addition,  punch  geometry  also  limits  the  perforated  sheet  thickness  that  can  be  formed  to  the 
desired  bend  angle.  For  CP-1,  the  bend  radius  must  be  4-5  times  that  of  the  sheet  thickness  in 
order  for  it  to  be  cold  formed  (6).  For  a  punch  and  die  system  where  punch  tip  radius  is  1 .6  mm 
and  die  spacing  is  13  mm,  the  resulting  bend  radius  is  2.6  mm.  Using  this  tooling,  0.61  mm  thick 
perforated  CP- 1  was  successfully  cold- formed  to  the  desired  geometry. 


2.1.3  Joining  For  this  study,  pyramidal  core  sandwich  plates  were  constructed  from  facesheets 
and  the  as-manufactured  cores  via  active  braze  joining  techniques.  Facesheets  of  1.22  mm  CP-1 
were  cut  to  match  core  dimensions.  Prior  to  brazing,  all  components  underwent  surface 
treatment  to  remove  all  oxides  and  to  ensure  uniform  surface  reactivity,  wetting,  and  flow  (7). 


Following  this  surface  treatment,  a  single  layer  of  braze  tape  (BRAZ1954™)  was  applied  to  each 
facesheet  using  a  steel  roller  and  parts  were  stacked  into  the  desired  sandwich  configuration. 
The  arrangement  was  placed  in  a  vacuum  or  retort  furnace  under  the  appropriate  deadweight 
pressure  to  minimize  drifting  of  parts  during  thermal  processing.  All  titanium  sandwich  plates 
manufactured  in  this  study  were  subjected  to  the  optimized  thermal  treatment  as  determined  by 
Doherty  and  Tice  et.  al.  (7).  The  resulting  bonded  structure  is  a  periodic  pyramidal  core 
sandwich  plate  with  monolithic  facesheets,  as  displayed  in  Figure  4. 


Figure  4:  An  example  titanium  pyramidal  core  sandwich  panel  (post-brazing) 


It  is  important  to  note  that  previous  studies  have  shown  joint  strength  to  be  vital  to  core 
performance  because  the  connectivity  provided  by  the  facesheets  is  required  to  invoke  the 
stretch-dominated  deformation  exhibited  by  the  pyramidal  core  topology  (7). 


2.2  Analytical  Modeling  For  this  study,  pyramidal  core  performance  is  characterized  by  peak 
collapse  strength  and  effective  stiffness  for  out-of-plane  compression.  Analytical  models  for 
these  core  properties  are  cast  so  that  they  can  be  calibrated  with  explicit  experimental 
measurements.  These  models  provide  useful  insight  for  design  and  optimization  purposes. 


For  the  pyramidal  core  geometry  displayed  in  Figure  4,  micromechanical  models  for  strength  and 
stiffness  are  developed  by  analyzing  a  quarter  unit  cell;  Figure  5. 


F  applied 


Figure  5:  A  quarter  core  and  facesheet  model  is  used  to  analyze  the  pyramidal  core 
topology  because  of  its  four-fold  rotational  symmetry  about  the  z-axis 


In  Figure  5(a),  a  quarter  pyramid  is  displayed  and  interior  angle  0,  strut  length  L,  and  core  height 
H,  are  defined.  Figure  5(b)  shows  strut  cross-sectional  dimensions,  thickness  t  and  width  b,  both 
of  which  are  measured  perpendicular  to  the  strut  length.  For  a  complete  unit  cell  where  0  is 
equal  for  all  struts,  the  pyramidal  geometry  has  four-fold  rotational  symmetry  about  the  z-axis. 
Thus,  the  quarter  model  can  be  scaled  up  by  a  factor  of  4  to  depict  a  complete  unit  cell. 


2.2.1  Peak  Strength  Model  An  analytical  description  of  flatwise  peak  collapse  strength 
exhibited  by  pyramidal  core  is  obtained  through  a  force  resolution  assuming  static  equilibrium  in 
the  z-direction.  Facesheets  are  assumed  to  be  sufficiently  thick  and  intimately  bonded  to  the  core 
such  that  all  external  loading  is  transferred  into  axial  loading  of  the  struts.  Facesheets  also 
provide  adequate  connectivity  to  prevent  lateral  movement  of  the  joints  in  the  x-y  plane  (8X= 
5y=0).  Strut  geometry  is  assumed  to  be  sufficiently  wide  and  thin  (b/t>2),  resulting  in  a  natural 
buckling  plane  parallel  to  the  strut  width  as  well  as  negligible  torsional  deformation. 
Considering  these  assumptions,  the  force  applied  to  the  system,  Fapplied ,  is  resolved  directly  into 


the  axial  load  carried  by  the  strut,  Fstrut .  For  static  equilibrium  in  the  z-direction,  considering 
four- fold  symmetry,  the  following  result  presents  itself: 


Fapplied  =  4  'Fstrut  '  S  m(0) 


[1] 


Treating  a  unit  cell  as  a  monolithic  plate,  the  stress  distribution  within  the  control  volume  can  be 
written  as  a  function  of  total  applied  load: 


Fapplied  =  a  '  X  '  Y 


[2] 


where  a  is  the  applied  or  nominal  core  stress. 


For  a  square-based  pyramid  imposed  by  core  symmetry,  base  dimensions  X  and  Y  are: 

x  Y  2-H 

72tan(0) 

Also,  the  axial  force  carried  by  a  single  strut  can  be  written  in  terms  internal  strut  stress: 

Fstrut  —  ^ strut  '  -^strut  —  ^  strut  F  t 


[3] 

[4] 


Substituting  Fappliedand  Fstrut  into  the  equilibrium  balance  and  solving  for  nominal  stress  gives: 


__2-b-t  sin3(0) 

T t 2  2  t f\\  strut 

H  cos  (0 ) 


[5] 


This  result  indicates  that  peak  collapse  strength  apeak  for  pyramidal  core  can  be  determined  by 

establishing  the  initiation  of  strut  failure.  Because  of  symmetry,  it  is  assumed  that  all  struts  carry 
equal  load  and  exhibit  identical  failure  mechanisms.  If  failure  occurs  when  internal  strut  stress 
reaches  the  yield  strength  ay  of  the  parent  material,  then  core  strength  can  be  predicted  as: 


_  _2-b-t  sin3(0) 

H2  cos2(0) 


'peak 


[6] 


Here  oy  is  the  yield  stress  of  the  parent  material  in  the  as-processed  condition.  This  assumption 

of  strut  failure  stress  does  not  account  for  elastic  buckling  which  may  occur  at  some  stress  less 
than  cy ,  nor  does  it  account  for  plastic  buckling  which  may  occur  at  a  stress  greater  than  ay  due 

the  strain  hardening  behavior  exhibited  by  some  metals.  In  light  of  these  deficiencies,  a  more 
definitive  characterization  of  failure  stress  should  be  investigated. 


A  more  robust  definition  of  strut  collapse  stress  is  determined  by  evaluating  the  actual 
bifurcation  stress  at  the  onset  of  collapse,  cbif .  Bifurcation  stress  is  evaluated  by  the  Shanley 

Tangent  Method  of  determining  buckling  strength  of  a  slender  strut.  In  this  method  abif  is  found 
by  iteratively  evaluating  the  tangent  modulus  Et  along  the  true  stress-strain  response  of  the 
parent  material  until  the  equality  is  satisfied.  Bifurcation  stress  is  determined  as  follows: 


where  t  and  L  are  strut  thickness  and  length  respectively,  and  n  is  the  strut  end  condition.  This 
analysis  is  valid  for  both  plastic  and  elastic  collapse  regimes,  and  results  in  an  expanded 
representation  of  internal  strut  stress  at  failure.  By  using  the  bifurcation  stress  as  the  definition 
of  strut  failure  in  pyramidal  core,  the  following  analytical  model  is  ascertained: 

_  2-b-t  sin3(e) 

apeak“  H2  •cos2(e)'°b‘f  L  J 

where  peak  collapse  strength  is  given  entirely  in  terms  of  core  geometry  and  parent  material 
stress-strain  response.  This  micromechanical  relationship  provides  a  complete  description  of 
core  collapse  strength  for  slender  strut  designs  where  torsional  deformation  is  negligible. 


2.2.2  Effective  Stiffness  Model  An  analytical  model  to  describe  the  out-of-plane  compressive 
stiffness  of  pyramidal  core  is  ascertained  by  performing  a  work-balance  on  the  quarter  model 
presented  in  Figure  5.  Once  the  possible  collapse  mechanisms  for  a  definitive  strut  geometry  are 
identified,  a  strain  distribution  satisfying  the  upper-bound  theorem  can  be  defined. 
Subsequently,  the  external  work  added  to  the  system  by  an  applied  force,  Wapplied ,  is  equated  to 

the  internal  work  dissipated  by  each  strut,  Wstrut ,  due  to  micro-stretching  of  the  core  topology  for 

the  proposed  collapse  mode.  Again,  using  the  quarter  model  and  considering  four-fold 
symmetry,  the  following  work-balance  presents  itself: 


W  =  4- W 

vv  applied  ^  vv  strut 


From  mechanics,  work  is  calculated  as: 


W  =  F 

applied  applied 


5  =c-X-Y-8, 


^strut  Fstrut  ’  ^6  ^ strut  '  b  •  t  •  5g 


where  5zand  5eare  displacements  in  the  z  and  0  directions  respectively;  Figure  5.  These 
displacements  can  then  be  written  in  terms  of  nominal  applied  stress  a  as  follows: 

T  T  C  -H  __ 


5.  =  s  •  H  = 


5e  =sz  •  L  •  sin(e)  = 


L  -sin(0) 


where  E  is  the  effective  compressive  stiffness  of  the  pyramidal  core,  and  Estrut  is  the  modulus  of 
the  parent  material  (Esolid ).  From  geometry,  strut  length  can  be  written  as: 


[14] 


Furthermore,  applying  the  plastic  and  elastic  collapse  modes  defined  in  the  previous  section  for 
the  peak  strength  model,  a  becomes  apeak,  and  ostrut  becomes  obif.  Making  all  of  these 

substitutions  into  the  original  work-balance;  equation  9;  results  in  the  following  equality: 
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where  the  left  side  of  the  equality  is  the  external  work  done  to  the  core  by  an  applied  force  and 
the  right  side  is  the  internal  work  dissipated  by  the  core  via  strut  deformation.  Solving  equation 
15  for  effective  core  stiffness  results  in  the  following  analytical  representation: 


P  _  2-b-t  sins(9) 

H2  'cos2(e)  solld 


[16] 


This  micromechanical  model  provides  an  upper-bound  description  of  compressive  core  stiffness 
in  terms  of  core  geometry  and  parent  material  Young’s  modulus.  This  model  assumes  perfectly 
rigid  components,  including  facesheets  and  joints  (8). 


2.3  Strength-to-Weight  Optimization  Determining  a  potential  optimization  technique  for 
maximizing  pyramidal  core  performance  is  critical  to  future  implementation  of  this  structure  into 
complex  weight-efficient  systems  and  vehicles.  Since  many  prospective  applications  of 
pyramidal  core  require  superior  out-of-plane  performance  in  conjunction  with  multifunctionality, 
out-of-plane  compressive  strength  cpeak  has  been  targeted  as  the  primary  attribute  for 

optimization.  More  specifically,  this  study  focuses  on  achieving  a  maximum  flatwise 
compressive  strength  at  a  minimum  weight  design.  The  following  section  outlines  the 
optimization  technique  implemented  here  and  the  implications  of  manufacturing  limitations  as 
they  are  imposed  on  the  design  of  a  pyramidal  core  topology. 


As  shown  earlier  in  equation  8,  pyramidal  core  compressive  strength  is  completely  dependent  on 
parent  material  stress-strain  behavior  and  core  geometry.  For  the  manufacturing  process  outlined 
in  2.1,  it  has  been  shown  that  choice  of  parent  material  is  limited  to  those  commercially-available 
materials  which  can  be  successfully  cold-formed  to  the  desired  bend  angle  <D .  Thus,  parent 
material  behavior  cbif  and  strut  thickness  t  are  predetermined  during  the  material  selection 

process.  Furthermore,  it  is  assumed  that  four- fold  rotational  symmetry  will  hold  true  resulting  in 
a  square  pyramid  base.  Thus,  the  core  geometric  parameters  b,  0,  and  H  are  potential  free 
variables  which  can  be  targeted  for  optimization. 


2.3.1  Design  Parameter  Limitations  In  light  of  the  water-jet  limitations  presented  in  2.1,  a 
lower  boundary  on  strut  width  b  is  established  such  that  b  must  be  greater  than  2  mm  for  the 
manufacturing  process  prescribed  in  this  study.  By  graphically  investigating  the  effect  b  has  on 
cpeak  and  p ,  the  ideal  b  is  found  for  a  strength-to-weight  optimized  strut  using  the  relationships 

established  in  equations  8  and  16.  The  corresponding  schematic  trends  of  these  functions  are 
presented  in  Figure  6  for  typical  pyramidal  core  geometric  parameters. 


Figure  6:  Strut  width  b  has  a  greater  effect  on  relative  density  than  on  strength  and 
thus  should  be  minimized  in  order  to  achieve  optimal  weight  efficiency 

The  relationships  offered  in  Figure  6  show  that  strut  width  b  has  a  linear  effect  on  increasing 
strength  and  a  slightly  non-linear  effect  on  p.  Since  b  increases  p  at  a  higher  rate  than  it 
improves  strength,  b  should  be  minimized  within  the  manufacturing  limitations  resulting  in 
maximum  core  performance  from  a  minimum  weight  standpoint. 


An  investigation  of  interior  angle  0  as  an  optimization  parameter  reveals  that  punch  and  die 
limitations  impose  a  lower  bound  on  the  pyramid  base  dimensions  X  and  Y.  Since  these 
dimensions  are  a  function  of  0;  equation  3;  it  becomes  evident  that  they  impose  an  upper  bound 
on  0.  This  results  in  out-of-plane  core  strength  being  maximized  as  0  — »  90° .  Given  the 
relationship  between  interior  angle  0  and  bend  angle  ®  : 


0  =  arccos< 
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core  geometry  approaches  an  optimized  design  as  bend  angle  ®  —>180°,  or  a  vertical  strut. 
Since  this  would  not  correspond  to  a  pyramidal  core  topology,  nor  would  the  core  exhibit  other 
attributes  not  examined  in  this  study,  some  addition  considerations  must  be  made.  In  light  of 
manufacturing  limitations  imposed  by  the  tooling  used  to  form  the  core,  the  maximum  obtainable 
bend  angle  <J>  is  90°  corresponding  to  an  interior  angle  0  of  35.3°.  The  optimized  parameters  b 
and  <J>  described  here  will  be  used  in  combination  with  other  constraints  to  identify  the  optimal 
pyramidal  core  geometry. 


2.3.2  Strut  Optimization  The  resulting  limitations  imposed  on  b  and  <J>  are  important  because 
they  establish  finite  bounds  for  optimizing  pyramidal  core  performance.  Fortunately,  pyramid 
height  H  is  a  free  variable  that  is  both  easily  modified  and  critical  to  core  performance  as 
indicated  in  equations  8  and  16.  Since  the  height  H  can  be  determined  in  terms  of  strut  length  L; 
equation  14;  it  becomes  immediately  evident  that  cpeak  decreases  significantly  with  increasing  L; 

therefore  L  is  pursued  as  the  primary  optimization  parameter  for  this  study. 


If  a  basic  definition  of  strut  collapse  can  be  established  in  terms  of  L,  then  the  optimal  L  can  be 
determined  in  order  to  maximize  core  performance  for  a  minimum  weight  design.  Since  the 
strength  model  posed  in  equation  8  assumes  that  all  loading  in  the  z-direction  is  distributed  along 
the  axis  of  each  strut  (0-direction)  and  that  each  strut  exhibits  a  natural  buckling  plane  parallel  to 
strut  width  b;  a  basic  model  of  strut  collapse  can  be  derived.  In  Figure  7,  the  normalized 
schematic  mapping  of  collapse  for  elastic  and  plastic  buckling  is  presented  for  struts  with  hinged 
end  supports  (n=l). 


Figure  7:  For  a  slender  strut  in  compression,  collapse  can  occur  due  to  elastic  or  plastic 
buckling  depending  entirely  on  strut  geometry 


In  Figure  7,  plastic  buckling  occurs  at  the  yield  strength  of  the  parent  material.  A  strut  designed 
with  this  geometry  is  short  or  stubby,  thus  replicating  a  compression  specimen  yielding.  A  strut 
that  undergoes  plastic  buckling  is  not  weight-efficient  because  equivalent  strength  is  achievable 
with  a  reduced  volume  of  material.  Conversely,  elastic  buckling  occurs  at  a  stress  level  less  than 
the  yield  strength  of  the  parent  material  for  slender  struts.  A  strut  with  length  L>Lcr  buckles 
suddenly  due  to  elastic  misalignment  of  atoms  in  the  microstructure  during  loading.  Failure  of 
this  type  has  been  characterized  by  Euler  buckling  as  follows: 


P,  = 


7i  n' 


'  E  solid  '  I 
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where  Pcr  is  the  critical  load  at  which  unstable  collapse  occurs,  n  is  the  strut  end  condition  (n=l 
for  perfectly-pinned  ends,  n=2  for  fully-clamped  ends),  and  I  is  the  second  moment  of  inertia  of 

the  strut  cross-section.  For  the  rectangular  cross-section  in  this  study,  I  =  —  •  b  •  t3 . 


Dividing  by  strut  cross-section  to  determine  acr  and  substituting  for  I,  the  following  relationship 


for  the  elastic  failure  regime  of  a  slender  strut  is  identified: 
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As  displayed  in  Figure  7,  the  optimal  design  space  for  a  slender  strut  occurs  at  the  intersection  of 
the  elastic  and  plastic  buckling  regimes.  This  critical  point  is  the  L/t  ratio  which  corresponds  to 
the  maximum  volume  of  material  in  which  elastic  buckling  will  occur,  or  the  minimum  volume 


of  material  for  which  plastic  buckling  will  occur.  In  either  case,  ccr  is  very  close  to  the  yield 

strength  of  the  parent  material.  Applying  this  definition  of  failure  stress  in  equation  19  results  in 
an  analytical  relationship  for  optimized  strut  length: 


Here,  n  is  found  experimentally  based  on  adhesion  of  the  core  and  facesheet  components;  thus  L 
is  heavily  dependent  on  parent  material  thickness,  modulus,  and  yield  strength. 

If  a  strut  is  designed  to  the  length  as  described  above,  it  is  guaranteed  to  fail  elastically  because 
of  the  well-known  Perry-Robinson  curve.  This  relationship  shows  that  elastic  buckling  occurs  at 
a  stress  below  the  elastic  and  plastic  regions  displayed  in  Figure  7.  Although  the  optimization 
technique  in  this  study  does  not  account  for  this  known  reduction  in  collapse  stress  described  by 
the  Perry-Robinson  relationship,  the  guaranteed  elastic  strut  failure  that  the  optimized  design 
exhibits  simplifies  the  buckling  mode  during  compression.  This  is  critical  to  modeling  the 
performance  of  the  pyramidal  core  topology.  Further  work  would  be  required  to  optimize  the 
strength  of  a  less  slender  strut  geometry  because  torsional  effects  would  have  to  be  considered. 

From  this  analysis  it  is  evident  that  there  are  three  key  factors  in  maximizing  flatwise 
compressive  strength  cpeak  of  the  pyramidal  core  topology.  First,  strut  width  b  should  be 

minimized  because  of  its  adverse  effect  on  relative  density.  Second,  bend  angle  <D  should  be 
maximized  in  order  to  orient  the  majority  of  core  material  in  the  direction  of  loading.  Third, 
strut  length  L  should  be  optimized  such  that  strut  volume  is  minimized,  but  the  onset  of  strut 
collapse  occurs  near  the  yield  strength  of  the  parent  material. 

2.3.3  Optimized  Design  For  the  commercially-available  core  material  used  in  this  study  (CP-1), 
t=0.61  mm,  Esolid=110  GPa  and  cy=600  MPa,  in  the  as-processed  condition.  In  addition,  end 

condition  n  is  estimated  to  be  1.6  based  on  inspection  of  preliminary  experiments  (7).  Utilizing 
the  optimization  concepts  described  previously,  all  pertinent  geometric  parameters  can  be 
determined  for  a  strength-to-weight  optimized  pyramidal  core.  The  complete  list  of  optimized 
design  parameters  is  presented  for  the  reader’s  convenience  in  Table  1  of  the  Appendix. 

To  conclude  the  optimization  section,  it  is  important  to  note  that  all  geometric  pyramidal  core 
parameters  are  determined  once  the  parent  material  alloy  and  sheet  thickness  are  selected  and  the 
optimization  technique  is  implemented.  In  light  of  this  optimization,  one  should  recognize  that 
there  is  a  fixed  optimal  relative  density  that  corresponds  to  the  choice  of  parent  material.  In  this 
study,  the  optimal  p  for  pyramidal  core  manufactured  from  0.61  mm  thick  CP-1  is  0.04  (7). 

3.  EXPERIMENTAL 

3.1  Procedure  for  Flatwise  Compression  Testing  In  this  study,  pyramidal  core  performance  is 
characterized  in  terms  of  peak  strength  and  stiffness  in  flatwise  compression.  In  order  to  verify 
the  micromechanical  models  presented  in  section  2.2,  optimized  pyramidal  core  sandwich  plates 
were  manufactured  as  described  previously,  and  uniaxial  through-thickness  compression  testing 
was  conducted  conforming  to  ASTM  C365  (9);  Figure  8. 


Figure  8:  Performance  of  the  optimized  pyramidal  core  sandwich  is  characterized  via 
flatwise  compression  under  quasi-static  loading  conditions 

For  this  study,  test  plates  consisted  of  4-6  unit  cells,  and  have  been  shown  to  exhibit  equivalent 
properties  to  an  infinite  sheet.  As  described  previously,  facesheets  have  been  chosen  sufficiently 
thick  and  intimately  bonded  to  the  core  such  that  all  vertical  loading  is  transferred  entirely  to  the 
core,  with  facesheet  deformation  being  elastic  and  small  compared  to  that  of  the  struts.  This 
ensures  that  all  plastic  deformation  exhibited  by  these  plates  is  attributed  to  the  stretch-governed 
energy  dissipation  of  the  core  topology  (8). 

3.2  Compression  Results  and  Discussion  The  quasi-static  (s  =  10“4)  nominal  stress-strain 
results  for  flatwise  compression  of  the  optimized  pyramidal  core  sandwich  plates  (p  =  0.04)  are 
presented  in  Figure  9.  Although  all  7  specimens  tested  display  similar  characteristic  nominal 
stress-strain  behavior,  some  variations  in  measured  effective  stiffness  and  peak  strength  were 
observed  due  to  stochastic  flaws  in  the  as-processed  samples. 


Figure  9:  Optimized  pyramidal  core  sandwich  plates  were  tested  in  uniaxial  out-of- 
plane  compression  and  the  nominal  stress-strain  response  was  measured 


3.2.1  Peak  Strength  Calibration  The  average  pyramidal  core  peak  strength  apeak  obtained  from 

Figure  9  is  7.6  MPa  with  a  standard  deviation  of  0.4  MPa.  In  order  to  calibrate  the  analytical 
model  in  equation  8  with  the  experimental  results,  the  bifurcation  stress  obif  was  determined  for 

the  proposed  strut  geometry  and  parent  material.  Figure  10  represents  the  Shanley  tangent 
method  of  iteratively  evaluating  the  tangent  modulus  from  the  parent  material  stress- strain 
response  to  determine  the  buckling  stress  prescribed  by  strut  geometry. 


Using  this  method,  cbif  is  calculated  to  be  544.4  MPa  at  the  strain  where  cbif  equals  oparent . 

From  Figure  10  it  is  evident  that  this  bifurcation  stress  occurs  at  the  onset  of  non-linear  stress- 
strain  behavior  for  the  parent  material.  This  confirms  that  the  use  of  parent  material  yield 
strength  for  optimization  will  produce  a  strength-to-weight  optimized  core.  Using  abif  in 

equation  8  along  with  the  optimized  core  dimensions  given  in  Table  1,  cpeak  is  calculated  to  be 

8.0  MPa.  Although  this  analytical  prediction  of  cpeak  is  consistently  greater  than  the 

experimentally-measured  value;  Figure  9;  the  prediction  is  within  one  standard  deviation  of  the 
experimental  average.  Thus,  the  model  proposed  in  equation  8  is  authenticated  as  a  robust  tool 
for  predicting  pyramidal  core  peak  strength  for  the  proposed  collapse  mode  (minimal  torsion). 

3.2.2  Stiffness  Calibration  The  average  pyramidal  core  stiffness  E  obtained  experimentally 
from  Figure  9  is  214.4  MPa  with  a  standard  deviation  of  55.5  MPa.  Using  the  optimized  core 
dimensions,  core  stiffness  is  predicted  to  be  537.8  MPa  using  equation  16.  These  results  reveal 
that  core  stiffness  is  drastically  over-predicted  for  the  optimized  core  geometry.  This 
discrepancy  can  be  explained  by  investigating  possible  sources  of  strain  measurement  error 
during  experimental  testing.  The  predominate  source  of  error  is  identified  as  settling  of  the 
structure  that  occurs  due  to  minor  manufacturing  flaws  such  as  facesheet  rippling,  minor 
variations  in  pyramid  height,  and  imperfect  braze  joints.  These  factors  all  have  a  similar  effect 
on  strain  data,  as  they  would  inflate  strain  measurements,  thereby  reducing  the  explicit 
observation  of  E . 


In  order  to  investigate  the  proposed  strain  measurement  errors;  experiments  were  conducted  on 
single  pyramid  plates.  These  experiments  minimize  the  effects  of  facesheet  rippling  and  varying 
core  height  because  total  deformation  is  isolated  to  a  single  cell.  Figure  1 1  shows  the  nominal 
stress-strain  response  of  a  single  unit  cell  specimen  versus  a  multi-celled  specimen. 
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Figure  11:  Both  single  pyramid  and  multi-celled  specimens  were  tested  in  flatwise 

compression  to  verify  the  proposed  measurement  error  of  effective  core  stiffness  E 

From  visual  inspection  of  Figure  1 1,  it  is  evident  that  an  improvement  in  measured  core  stiffness 
has  been  attained  in  the  single  unit  cell  experiments.  Quantitatively,  average  measured  core 
stiffness  E  is  362.1  MPa  with  a  standard  deviation  of  6.0  MPa  for  the  single  unit  cell 
experiments.  Joint  imperfections  are  believed  to  be  the  predominant  source  of  measured 
deformation  which  is  not  accounted  for  in  the  analytical  model  of  E;  equation  16.  Joint 
anomalies  such  as  porosity  and  thermal  cracks  are  imperfections  which  have  been  identified  in 
previous  studies  that  account  for  the  discrepancy  between  measured  and  predicted  compressive 
core  stiffness  (7).  Generally,  modeling  core  stiffness  requires  that  all  joints  be  perfectly  elastic 
and  homogeneous.  Since  brazed  joints  cannot  provide  perfect  joint  properties,  an  improved  core 
stiffness  model  accounting  for  joint  deficiencies  should  be  explored  in  future  studies. 

4.  CONCLUSIONS 

This  study  addresses  many  aspects  of  design  and  modeling  of  titanium  pyramidal  core  sandwich 
plates.  First,  a  manufacturing  technique  for  fabricating  cores  from  wrought  material  is  outlined. 
Analytical  models  for  peak  strength  and  effective  stiffness  in  compression  are  also  ascertained. 
Next,  a  core  optimization  technique  is  implemented,  and  optimized  sandwich  plates  are 
manufactured  and  tested  in  compression  under  quasi-static  loading  conditions.  Compression 
results  reveal  that  the  peak  strength  model;  equation  8;  is  a  robust  and  accurate  tool  for  depicting 
core  performance.  In  addition,  experimentally-measured  stiffness  is  found  to  be  significantly 
less  than  the  analytical  prediction.  However,  credible  sources  of  reduced  stiffness  as  well  as 
improved  techniques  for  measuring  core  deformation  are  presented.  Finally,  experimental 
findings  confirm  that  the  optimization  technique  implemented  results  in  an  optimized  core. 
These  results  provide  the  Army  with  tools  for  design  of  pyramidal  core  sandwich  structures  to 
improve  overall  mobility  and  protection  of  future  military  vehicles. 
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6.  APPENDIX 


Parameter 

Dimension 

Strut  thickness,  t 

0.61mm 

Strut  width,  b 

2mm 

Strut  length,  L 

12  mm 

Minor  perforated 
sheet  angle,  a 

70.529° 

Major  perforated 
sheet  angle,  p 

109471° 

Joint  width,  to 

2.449  mm 

Bend  angle,  O 

90° 

Interior  angle,  0 

35.264° 

Core  heigjht,  H 

6.93  mm 

Cote  bane  widths,  X  A  Y 

13.856  mm 

Table  1:  All  pertinent  pyramidal  core  dimensions  for  an  optimized  core  are  heavily 
dependent  on  material  selection;  dimensions  are  shown  here  are  for  0.61  mm  thick  CP-1 
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